The wall of the diaphragm can be affected by congenital or acquired alterations which allow the passage of viscera between the abdominal and chest cavities, allowing the formation of a diaphragmatic hernia. We characterized morphology and performed biometrics of the diaphragm in the common squirrel monkey Saimiri sciureus. After fixation, muscle fragments were collected and processed for optical microscopy. In this species the diaphragm muscle is attached to the lung by phrenopericardial ligament. It is also connected to the liver via the coronary and falciform ligaments. The muscle is composed of three segments in total: 1) sternal; 2) costal, and 3) a segment consisting of right and left diaphragmatic pillars. The anatomical structures analyzed were similar to those reported for other mammals. Histological analysis revealed stable, organized muscle fibers with alternation of light and dark streaks, indicating transverse striation.
INTRODUCTION
Knowledge of surface anatomy is essential for understanding basic topographical anatomy, and is needed for various tasks such as patient examination, interpretation of diagnostic images, and performance of surgery or other medical procedures (Sayeed and Darling 2007, Elliott et al. 2010) .
The respiratory system is complex because continuous respiratory muscle contraction is requires for lung ventilation. It is usually under automatic control of respiratory centers in the medullary region of the brainstem, and in mammals, inspiration is the crucial phase of the respiratory cycle (Feldman and Del Negro 2006, Feldman 2011) . The muscles involved in respiratory process are the diaphragm, scalenes, and intercostals (Druz and Sharp 1981) . Among these, the diaphragm is the most important, contributing between 60% and 80% of the body's respiratory force (Wilson and Hayes 1986 , Supinski et al. 1996 , Shindoh et al. 2009 ).
Morphological studies of the diaphragm are important because irregularities may cause diaphragmatic hernias, which are classified in JOSÉ RICARDO N. DE SOUZA NETO et al. two major categories: congenital and acquired. Congenital diaphragmatic hernia (CDH) is a partial protrusion of abdominal organs through a defect in the diaphragm. CDH is caused by a failure in the fusion of the pleuroperitoneal folds that manifests as a defect during fetal development (Friedenwald and Feldman 1925 , Adeleman and Benson 1976 , Gerszten et al. 1976 , Munizaga et al. 1978 . Three types of CDH have been described in humans: Bochdalek-type CDH, which presents as a protrusion through the posterolateral part of the diaphragm (Haller 1986 , Salaçin et al. 1994 , Colvin et al. 2005 , Gaxiola et al. 2009 ); Morgagni CDH, an exremely rare pathology caused by defects in the development of the sternal fixation (Rodríguez Hermosa et al. 2003) ; and hiatal hernia, which is caused by trauma (Skandalakis 2004 , Bastos et al. 2008 .
The diaphragm surface is concave facing the thoracic cavity and convex facing the abdominal cavity, resulting in a dome-like shape. It is covered by the peritoneum on the abdominal face and serves as a border between the thoracic and abdominal cavities (Getty 1986 , Dyce et al. 2010 . In humans, the diaphragm muscle is directly associated with hiccups, which result from diaphragmatic spasm at the moment of inspiration concomitant with the closure of the glottis. There are many causes, and in severe cases hiccups are linked to diaphragmatic hernias and gastrointestinal causes, such as the hiatal hernia and gastroesophageal reflux (Cardoso and Xavier 2011) .
Saimiri sciureus, known as a common squirrel monkey, inhabits tropical dry and temporarily flooded forests. This species is diurnal and characterized by having short and thick greenishyellow fur. They have rounded heads and markings on the back, a black snout, rounded ears, well developed fingers, and a non-prehensile tail; they are omnivorous, feeding on flowers, insects and small vertebrates (Auricchio 1995).
Non-human primates are among the most studies groups of mammals in the wild and in captivity (Cubas et al. 2007 ); however, data on the morphology of many species is scarce. This study investigates morphological features of the squirrel monkey respiratory system from a functional point of view, including location and histology of the diaphragm. We hope to generate further discussion on which to base future research with other species.
MATERIALS AND METHODS
Six, male Saimiri sciureus specimens were evaluated in the study, including 5 adults and 1 juvenile. Specimens died of natural causes and were donated by the National Primate Center ( Specimens were fixed in 10% aqueous formaldehyde solution. After fixation, an incision was made along the ventral midline and skin and subcutaneous tissue of the sternal manubrium was folded to the umbilical scar, allowing visualization of the abdominal cavity. All organs were removed to expose the caudal face of the diaphragm muscle. Photos were taken and morphometric data was collected using a caliper. We measured the length and width of the muscle from equally spaced points. Nomenclature for structures was in accordance with the Anatomical Veterinary Nomenclature (International Committee on Veterinary Gross Anatomical Nomenclature 2012).
Samples of diaphragm muscle tissue were fixed with 4% formaldehyde. Following overnight fixation, the tissues were embedded in paraffin, sectioned to 5µm thickness in a Zeiss Hyrax M25 microtome, and stained with hematoxylin and eosin and Gomori trichrome to observe the collagen DIAPHRAGM MORPHOLOGY IN COMMON SQUIRREL MONKEY 171 passes, and the second is the aortic hiatus, through which the aorta, azygous vein and thoracic duct pass ( Fig. 1a and b ).
The muscle is subdivided into three regions.
The sternal region is fixed cranially to the xiphoidal process of the sternum. The coastal region has bars of cartilage that connect to the ribs called costal cartilages. The third regions are formed by the right and left diaphragmatic pillars, which lie opposite fibers. Images were taken using a Leica DM 2500 microscope with camera attachment (Leica DFC 310FX).
RESULTS
The diaphragm muscle of S. sciureus is domeshaped, convex facing the abdomen and concave facing the chest. It is connected to the lung by the phrenicopericardial ligament, located caudally from the lungs and heart. The diaphragm is connected to the liver by the coronary and the falciform ligaments. The central region of the diaphragm is composed of fibrous connective tissue called the central tendon, which contains and aperture called the vena cava foramen which transmits the inferior vena cava. This is a region anatomically fragile of diaphragm. The peripheral region is formed by a muscle portion which contained two apertures. The first aperture is the esophageal hiatus, through which the abdominal region of the esophagus (1), part of the costal diaphragm dome (2), sternal part of the diaphragm dome (3), esophageal hiatus (4), aortic hiatus (5), foramen of the caudal vena cava (6), diaphragmatic pillars right (7), diaphragmatic pillars left (8) and xiphoidal process (9). b -Esophagus (1) and phrenicopericardic ligament (2). Scale bar: 1cm. (Table I ). Optical microscopy showed that skeletal muscle fiber of the diaphragm contained transverse striations, visualized by alternating patterns of light and dark streaks (Fig. 2) . Nuclear lysis prevented visualization of the nucleus. The epimysium and endomysium were present, which are sheaths of fibrous tissue enveloping the muscle. The endomysium is formed by basal lamina of the muscle fiber in association with reticular fibers.
DISCUSSION
The zoology, comparative and experimental anatomy, physiology, medicine, physics, and philosophy are areas that has been studied the diaphragm muscle for a long time. The diaphragm as a unique and vital respiratory muscle (Lessa et al. 2016) .
Figure 2 -Photomicrographs of sectional portion of diaphragmatic muscle. a -show the diameter of the muscle fibers staple in varying sizes (arrows). Stained: Masson trichrome. Scale Bar: 50 µm. b -oblique cut the muscle portion with subsequent staining using Gomori trichrome revealed the diaphragmatic muscles (red circle) and the collagen fibers (blue circle). It was observed that the variety in the diameter of muscle fibers and staple their striae. Scale Bar: 50 µm. c -provision of muscle fibers (arrows) and mainly of striae. Stained: Masson trichrome. Scale Bar: 50 µm. d -muscle fibers and striae. Stained: Hematoxylin-eosin. Scale Bar: 100 µm. Shen et al. (2016) , in a study with a human Chinese population indicated that that the inferior vena cava (IVC), esophagus and aorta most commonly pass through the diaphragm at vertebral levels T10, T11 and T12, respectively. This is markedly different from more dated descriptions by Moore et al. (2010) and Sinnatamby (2011), who indicated T8 and T10, respectively. The rule of "8, 10, 12" thus might more accurately be replaced by "10, 11, 12". In Saimiri sciureus the caudal vena cava, esophagus, and aorta pass through the diaphragm at the level of T8, an organization which is similar to that of humans.
Hernias are pathologies that can affect the diaphragm, and can be classified under two major categories: congenital and acquired. Acquired diaphragmatic hernias are traumatic in nature (Skandalakis 2004) . The CDH described in humans are Bochdalek, Morgagni and hiatal hernia. The Bochdalek CDH occurs more frequently on the left side of the diaphragm (Colvin et al. 2005 , Moore et al. 2010 , Bianchi et al. 2013 . Bochdalek CDH occurs in 1/3,600 infants or 1/7,000 neonates, and can potentially develop into life-threatening cardiopulmonary complications (Fine et al. 1987 , Berman et al. 1988 , Thomas and Kaput 1991 , Salaçin et al. 1994 , Wilson et al. 2001 . By contrast, in adults, Bochdalek CDH is symptomatic, and was historically difficult to diagnose until the advent of effective radiological diagnostics (Bockus 1963 , Chui and Tan 1993 , Alam and Chander 2005 , Kumar et al. 2009 , Venkatesh et al. 2011 .
Morgagni CDH is a rare disease caused by the defective development of the sternal attachments of the diaphragm. It is found more commonly on the right side of the midline than on the left side, as the left side is protected by the pericardium . These diaphragmatic defects have a high incidence of associated congenital anomalies, including neural tube defects, congenital heart defects, intestinal rotation anomalies, pectus excavatum, and chromosomal abnormalities such as trisomies 3, 18, and 21 (Schumpelick et al. 2000) .
Morgagni hernia in animals has only been described for three horses (Pauwels et al. 2007 ) and two bitches (Gradela et al. 2013) . Bochdalek hernia has not been reported in animals. In humans, the estimated incidence of CDH is 1 in 2,000-5,000 live births. CDH is a serious birth defect characterized by incomplete formation of the diaphragm, resulting in herniation of the abdominal viscera that extends into the thoracic cavity (Doyle and Lally 2004, Pober 2007) . The etiology of congenital diaphragmatic hernia is unknown, however, 2% of cases were familial and another 15% of patients have associated chromosomal abnormalities (King and Booker 2005) .
CDH can occur as an isolated or complex defect associated with other congenital anomalies, most commonly heart, brain, renal and genitourinary malformations (Pober 2007) . Pulmonary hypoplasia is an important defect in congenital diaphragmatic hernia (King and Booker 2005) , and the severity of this pathology is largely dependent on the degree of pulmonary hypoplasia, pulmonary hypertension, and associated malformations.
In laboratory rats, pericardial diaphragmatic hernia has been associated with Vitamin A deficiency (Waldron and Leib 1993) . Prenatal exposure to 2,4-dichloro-phenyl-p-nitrophenyl ether (a toxic herbicide also known as nitrofen) can cause a dorsolateral type of hernia (Kluth et al. 1990) . JOSÉ RICARDO N. DE SOUZA NETO et al. Congenital pleuroperitoneal hernias are rare in canines, and usually take the form of a defect in the dorsolateral diaphragm with or without central tendon involvement (Venkatesh et al. 2011) . Congenital pleuroperitoneal hernias have also been diagnosed in cats (Voges et al. 1997) . Congenital pleuroperitoneal hernias are rarely diagnosed in small animals, because many affected animals die at birth or soon after (Fossum 2007) .
Peritoneopericardial hernias commonly affect the omentum, liver lobes, gallbladder, and small intestine due to direct communication between the peritoneal and pericardial cavities. The stomach, colon, falciform ligament, and spleen can also be affected. Cystic lesions in the pericardium have been reported in animals with small peritoneopericardial hernias and pathological changes of the omentum or liver (Liptak et al. 2002) . Mortality may occur in up to 14% of dogs and cats undergoing surgery for peritoneopericardial hernia Biery 1980, Reimer et al. 2004) .
In wild animals, one case of hiatal hernia was described in a female northern elephant seal (Mirounga angustirostris). This pathology causes passage of part the stomach to the thoracic cavities, which in this case was solved by laparoscopic gastropexy (Greene et al. 2015) .
Hiatal hernia is uncommon in dogs and rare in cats (Hunt and Johnson 2003) . It is the displacement of any abdominal structure through the esophageal hiatus toward the caudal mediastinum; usually the herniation occurs in the abdominal esophagus or gastroesophageal junction, and sometimes a portion of the cardic and/or fundus region (Miles et al. 1988 , Wallace et al. 1992 , Fossum 2007 .
Injuries may also cause problems with the diaphragm, and trauma may traverse the diaphragm to affect abdominal contents. Right-sided diaphragmatic injuries are generally prevented due to protection by the liver, and present less risk for herniation or injury to the gastrointestinal tract (Bastos et al. 2008) . Diaphragm hernia caused by trauma is more common on the right side, where a portion of omentum, colon, or stomach may herniate into the thoracic cavity (Skandalakis 2004) . Herniation of abdominal organs into the thoracic cavity may result in the inability of the lung to inflate, and reduced functional residual capacity (FRC) (Wilson et al. 1971) .
In domestic and wild animals, traumatic diaphragmatic hernia most often develops as a result of blunt abdominal trauma (particularly motor vehicle accidents), resulting in sudden increase in abdominal pressure and subsequent disruption of the diaphragm (Thomas and Kaput 1991 , Schmiedt et al. 2003 , Fossum 2007 in anatomical fragile points. Surgical repair of traumatic diaphragmatic hernia is necessary to replace abdominal contents, relieve respiratory compromise, and re-establish diaphragmatic function. Up to 85% of diaphragmatic hernias in small animals are traumatic in origin, 5-10% are congenital, and the rest are of unknown etiology (Warkany and Roth 1948 , Wilson and Hayes 1986 , Boudrieau 1993 .
The diaphragm muscle of Saimiri sciureus is a musculotendinous partition that separates the thoracic and abdominal cavities. Development of this organ during gestation is rapid, as it is essential for the respiratory function and survival of the animal. The central tendon is the region where phrenic nerves control contractile process of muscles (Wynn et al. 2013) . In carnivores, the phrenic nerves branch off the diaphragm muscle and are the only source of motor innervation. Carnivore phrenic nerve sensory fibers are supplemented by branches issued by intercostal nerves, as was observed in S. sciureus.
The abdominal wall of Saimiri sciureus grants stability for effective contraction of the diaphragm, as observed in humans. The muscle promotes sustenance for the viscera during inspiration, and depends on the stability of paravertebral lumbar muscles which lead to vertebral insertion of the diaphragm. These muscles prevent elevation of the rib cage, characterizing a synergistically antagonistic relationship (Bennati 2001). As found in this study, the diaphragm muscle fiber architecture in mammals is discontinuous in nature, an important characteristic for synchronized muscle contraction (Lessa et al. 2012) .
In the present work, the diaphragm muscle was divided into three parts: lumbar, sternum and costal, as also found in domestic carnivores by other authors Getty 1986 , Popesko 1990 , Evans and Lahunta 1994 , Sayeed and Darling 2007 , Dyce et al. 2010 , Moore et al. 2010 . The muscle possessed a central tendon through which the caudal vena cava, aorta, thoracic duct, esophagus, and azygous vein passed.
In the common squirrel monkey, the central tendon is "V-shaped" and located in the transverse plane, as found in the majority of mammals (Getty 1986 , Dyce et al. 2010 , Lessa et al. 2014 ). The Guinea pig show a tendinous center "U-shaped" (Lessa et al. 2013 ). On exception is manatees (Trichechus manatus latirostris), in which the diaphragm is "I-shaped" and presents fibers in the central tendon that are attached to bone epiphysis and persist until the vertebral bodies, producing two hemi-diaphragms (Rommel and Reynolds 2000) . In another study with Oryctolagus cuniculus, the muscular portion of the diaphragm was composed of eight muscle fascicles, symmetrical in each antimere of animal (Pompeu 1992) .
There is a thin layer of tissue called endomysium outside of the sarcolemma around the fibers in Saimiri sciureus; each fiber is surrounded by connective tissue forming the perimysium. The outermost layer surrounding the diaphragm muscle is called epimysium (Getty 1986, Junqueira and Carneiro 2004) . The central center of the common squirrel monkey has Type I and II of collagen fibers. In goats, 58.9% of fibers present are Type I, and 41.1% are Type II. In humans, more than 50% of these fibers are Type I (Ibebunjo 1993) .
CONCLUSIONS
The diaphragm of the Saimiri sciureus contained three apertures in the muscle (vena cava foramen, aortic hiatus, and esophageal hiatus). This result is in agreement with descriptions of other mammals. The central tendon is V-shaped, similar to the shape in the albino rat and crab-eating raccoon. This region is fragile and in case of traumas can be suffer lesion/hernia diaphragmatic. The muscle fibers are stable and organized, with alternating light and dark streaks indicating transverse striation.
Anatomical studies of the diaphragm in different species is crucial for our knowledge of hernia occurrence in animals, and is relevant for human health due to similarities in pathology.
Acquired diaphragmatic hernias are caused by trauma, in particular trampling, and require surgical correction. Delays in seeking care for affected animals can diminish the probability of survival. We did not encounter reports of congenital or acquired hernias in wild animals, with the exception of one case of hiatal hernia in a northern elephant seal.
Biometric values of diaphragm muscle in Saimiri sciureus were not comparable to any data in the literature, however, considering the values we suggest that the best type of suture is nonabsorbable sutures, and monoetilamine, nylon, or polypropylene 4-0 or 5-0 are strongly indicated.
